Introduction: Heme is a central molecule in mitochondrial respiration and ATP generation in neuronal cells. Thus, we assessed the importance of altered heme metabolism in Alzheimer's disease (AD) pathogenesis. Methods: To investigate the role of altered heme metabolism in AD, we identified heme-related proteins whose expression is altered in AD patients and mouse models exhibiting amyloid pathology. We detected the levels of proteins involved in heme synthesis, uptake, degradation, and function during neuronal differentiation and characterized the effects of Ab. Results: We found that the expression levels of the rate-limiting heme synthetic enzyme ALAS1 and heme degradation enzyme HO-2 are selectively decreased in AD patients and mice. Ab selectively reduces the levels of HO-2 and heme degradation, which are elevated to support neuronal functions in fully differentiated neuronal cells. Discussion: Our data show that lowered heme metabolism, particularly the decreased levels of heme degradation and HO-2, is likely a very early event in AD pathogenesis.
Introduction
Despite decades of intense research on the basic biology and clinical pathophysiology of Alzheimer's disease (AD), there is still a lack of effective strategies to prevent and treat AD [1, 2] . From 1998 to 2011, about 100 compounds tested for the treatment of AD failed while in the clinical development phase. In 2012, 2 monoclonal antibodies against amyloid b (Ab), bapineuzumab and solanezumab, failed to show desired clinical benefits in patients with mild-to-moderate AD in phase III clinical trials [3, 4] . Clearly, a better understanding of the molecular events leading to deficits in multiple brain functions is necessary [5] . Ab has long been associated with AD. The formation of insoluble deposits, also known as senile plaques, by Ab is a major hallmark of AD brains. Despite continuing debate about the Ab hypothesis, overwhelming experimental evidence supports the idea that overproduction of Ab is a very early, often initiating factor in AD [6] . It is conceivable that early events initiated by Ab are crucial for AD pathogenesis, whereas late events, such as the formation of senile plaques, are merely symptomatic. Thus, antibodies that reduce the formation of senile plaques may not be effective in preventing AD initiation and progress.
Mitochondrial dysfunction and bioenergetic deficits have been identified as early and potentially causative events in AD pathogenesis [7, 8] . Importantly, heme is a key factor in mitochondrial function and bioenergetics. Heme is a central metabolic and signaling molecule regulating diverse molecular and cellular processes relating to oxygen utilization and metabolism [9] . Heme serves as a prosthetic group in proteins and enzymes involved in oxygen transport, utilization, and storage, such as globins and cytochromes. Multiple subunits in mitochondrial respiration or oxidative phosphorylation (OXPHOS) complexes II-IV contain heme. Furthermore, heme acts as a signaling molecule to coordinate the expression of genes encoding globins and cytochromes, as well as the translocation and assembly of these protein/enzyme complexes [10] . Heme binds to and directly regulates the activities of many proteins controlling processes ranging from tyrosine kinase signaling to microRNA processing [11, 12] . Thus, it is not surprising that multiple lines of evidence have indicated the association of heme and AD pathogenesis. First, heme has been shown to colocalize with Ab deposits in AD tissues [13] . Second, lowered expression of heme synthetic enzymes is found in AD brains [14] . Third, Ab binds to heme and causes functional heme deficiency. In addition, the Ab-heme complex acts as a peroxidase and generates reactive oxygen species (ROS), which can generate an array of neurotoxic products [15, 16] . Clearly, compelling experimental and pathological evidence supports the involvement of heme in AD pathogenesis, although it is not clear which heme-related events play a causative role in AD pathogenesis.
To glean heme actions in neurogenesis and in AD pathogenesis, we first analyzed the data from two previously published genome-wide expression data sets from AD patient and control brains [17] [18] [19] . We also examined brain tissues from control and APPPS1 mice that coexpress KM670/ 671NL-mutated amyloid precursor protein and L166Pmutated presenilin-1 [20, 21] . These mice exhibit key features of amyloid pathology that allowed them to be applied in AD [22] . They are very useful for studying the effects of molecular and behavioral effects of Ab, but the overexpression paradigm may cause additional phenotypes unrelated to AD. We found that the rate-limiting heme synthetic enzyme ALAS1 and heme degradation enzyme HO-2 are selectively reduced in AD brain hippocampi. Furthermore, to identify the potentially early events in Ab action, we used an in vitro model previously shown to be useful for studying AD pathogenesis, the popular SH-SY5Y neuroblastoma cell line [23, 24] . SH-SY5Y cells can be differentiated to a more mature neuron-like phenotype that is characterized by neuronal markers, but not glial markers such as glial fibrillary acidic protein (GFAP) [25] . Using the SH-SY5Y cell line, we monitored heme synthesis, uptake, and degradation, as well as heme-related proteins and enzymes as neuronal differentiation progresses. We found that Ab selectively reduces the levels of HO-2 and heme degradation in differentiated SH-SY5Y cells. These results provide novel insights into the early events underlying AD pathogenesis.
Methods

Reagents, SH-SY5Y cell culture, and differentiation
SH-SY5Y cells were purchased from ATCC and maintained according to ATCC protocols. Neuronal differentiation was induced by treatments with 10 mM of retinoic acid (RA; Sigma) and 20 ng/mL of nerve growth factor (NGF; Genentech) for 5 days followed by 50 ng/mL of brain-derived neurotrophic factor (Research Diagnosis) in serum-free medium for 3 days. Partially differentiated cells underwent the 5-day treatment of RA and NGF. For Ab treatment, fully differentiated SH-SY5Y cells were treated with 5 mM Ab for 3 days, as described [26] . Antibodies and MitoTracker Red CMXRos used were purchased from commercial vendors, including Abcam and Novus.
Measurement of heme synthesis, degradation, and uptake
Measurement of heme synthesis in SH-SY5Y cells was carried out exactly as described [27, 28] . The levels of heme degradation were calculated by subtracting the amounts of radiolabeled heme in cells grown for another 24 hours from the amounts of radiolabeled heme in cells after incubation with 4-14 C-5-aminolevulinic acid (ALA) for 15 hours. For measuring heme uptake, a fluorescent analog of heme, ZnPP, was used, as described previously [29, 30] . Fluorescence intensity was measured with a Biotek Cytation 5 plate reader.
Confocal microscopy imaging and quantification
Cells were stained with primary and secondary antibodies according to the manufacturer's protocols. Cells were visualized using the laser confocal-Olympus FV3000RS. The Olympus FV21S Fluoview Software was used to draw regions of interest (ROIs) over multiple cells. The fluorescence intensity from all the ROIs was averaged, and the corresponding background average was subtracted to yield the signal intensity for each antigen.
Preparation of protein extracts and Western blotting
Protein extracts were prepared from SH-SY5Y cells as described previously [28] . 40 mg of proteins were electrophoresed, and Western blotting was carried out with a chemiluminescence Western blotting kit as described [28] . The signals were detected by using a Carestream image station 4000MM Pro, and quantitation was performed as described [28] .
Animals
The APPPS1 mice (Thy1-APPKM670/671NL, Thy1-PS1L166P) [20] were kindly provided by Mathias Jucker (University of Tubingen) and used in our previous studies [21, 31] . These mice exhibit key features of amyloid pathology that allowed them to be applied in AD. The APPPS1 mice colony (on C57BL/6 background) was established at the UTSW SPF barrier facility for small laboratory animals. Wild-type (WT) C57BL/6 were used in experiments as control mice, as in various previous studies [20, 21, 31] . All procedures involving mice were approved by the IACUC of UTSW, in accordance with NIH Guidelines for the Care and Use of Experimental Animals.
Immunohistochemistry
Four 6-month-old APPPS1, four 6-month-old WT, four 6-week-old APPPS1, and four 6-week-old WT mouse brains were sectioned in the cryostat and fixed, washed, and blocked. Tissue sections were incubated with anti-ALAS1 or anti-HO-2 antibodies overnight. Slides were washed and incubated with HRP-conjugated goat antirabbit IgG. Slides were washed and incubated with Cy3 Working Solution and then counterstained with DAPI. Slides were scanned with an Olympus VS120 slide scanner and quantified using cellSens software from Olympus. Multiple ROIs of equal area were drawn over the dentate gyrus and CA region of APPPS1 and WT mouse brains. Minimum and maximum thresholds were set to avoid any background signal. The mean signal intensity from all the ROIs was averaged, and the corresponding negative control average was subtracted to yield the signal intensity for each antigen.
Statistical analysis and analysis of microarray expression data from human patients
Data from different treatment groups of cells and mice were compared, and statistical analysis was performed with a Welch 2-sample t-test.
For expression data from human patient brains, raw CEL files were downloaded from Gene Expression Omnibus (accession numbers GSE36980 and GSE48350) [17] [18] [19] . Processing of the raw CEL files was performed using R and the Oligo, Affy, and Limma packages [32] [33] [34] . The Robust Multi-array Average function in Affy was used to background correct, perform quantile normalization, and calculate final expression value using median polish [35] [36] [37] . The Limma package was used to generate a linear fit model, contrast matrix, and overall differential expression analysis. Adjusted P-values were calculated using the "fdr" parameter.
Results
The expression levels of heme degradation enzyme HO2, as well as the heme synthetic enzyme ALAS1, were lowered in human AD hippocampi and in hippocampi of APPPS1 mouse brains
Previous studies on several heme-related genes showed that the transcript levels of heme synthesis enzymes such as ALAS1 are reduced in frontal cortical tissues of AD patient brains [14] . To further ascertain the link between AD and heme-related genes, we used two previously published genome-wide data sets from hippocampi of a number of AD patient and control brains [17] [18] [19] . Study GSE36980 [19] published 10 control and 7 AD gray matter hippocampus samples. Study GSE48350 [17, 18] published 26 control and 19 AD hippocampus samples. Each study used a different Affymetrix microarray, thus making our positive results more robust because they were validated using two different platforms, both of which are effective at gene quantification [38] .
Our differential gene expression analysis showed that among all heme-related genes, ALAS1 and HMOX2 (encoding HO-2) were significantly downregulated ( Fig. 1A ). Other heme-related genes, such as PPOX encoding protoporphyrinogen oxidase and HMOX1 encoding HO-1, were not changed significantly in AD brain tissues ( Fig. 1A) . Likewise, control genes, such as ACTB and GAPDH, were not changed significantly in AD brain tissues. These results strongly support that the changes in ALAS1 and HMOX2 are specific, not due to artifacts. In both data sets, the downregulation is significant but subtle. This may be attributable to the heterogeneity of the samples, as at least two studies have reported that hippocampus whole-tissue expression is suboptimal in terms of quantifying gene expression as well as predicting disease progression in AD [39, 40] .
To further ascertain the significance of lowered levels of ALAS1 and HO-2 in AD pathogenesis, we performed a series of in vivo experiments. We examined and compared the levels of heme synthesis and degradation enzymes in the APPPS1 mouse model for AD and WT controls. APPPS1 mice coexpress KM670/671NL-mutated amyloid precursor protein and L166P-mutated presenilin-1 and exhibit key features of amyloid pathology [20, 21] . Quantitation of immunohistochemistry data shows that levels of both ALAS1 ( Fig. 1B and D) and HO-2 ( Fig. 1C and E) were lowered in the dentate gyrus of 6-week-old ( Fig. 1B and C) and 6-month-old ( Fig. 1D and E; see immunohistochemistry images in Fig. S1A and B) APPPS1 mouse brain hippocampi compared with those in WT mouse brains. Similar reduction in ALAS1 and HO-2 levels was also detected in the CA region of APPPS1 mouse brain hippocampi. No significant changes in HO-1 levels were detected in APPPS1 mice (Fig. S1C ). Together, these results from human and mice strongly support the idea that lowered levels of ALAS1 and HO-2 are associated with AD pathogenesis.
Heme synthesis and uptake intensified with the induction of neuronal differentiation and development
To further assess whether the changes in ALAS1 and HO-2 levels are early events during AD pathogenesis, we used a cell model for study neurobiology, the popular SH-SY5Y neuroblastoma cell line [23, 24] . Previous studies have characterized the positive effects of RA, nerve growth factor (NGF), and brain-derived neurotrophic factor on neuronal differentiation of SH-SY5Y cells [41, 42] . Based on these studies, we used RA and NGF to generate partially differentiated SH-SY5Y neuronal cells ( Fig. S2A and B ). Subsequently, brain-derived neurotrophic factor was added to partially differentiated cells, along with serum depletion, to generate fully differentiated cells. The levels of GAP43 were significantly higher in fully differentiated cells ( Fig. S2C and D) , as expected. Then, we examined the levels of cellular locations of the ratelimiting heme synthetic enzyme ALAS1 ( Fig. 2A) . As shown previously, ALAS1 was localized in the mitochondria, as well as in the nucleus ( Fig. 2A) . Importantly, quantification of both confocal imaging data ( Fig. 2B) and Western blotting data (Fig. 2C) shows that the levels of ALAS1 proteins were not significantly increased in partially differentiated cells but were strongly increased in fully differentiated cells. Consistent with this dramatic increase in ALAS1 levels, the levels of heme synthesis were also strongly increased in fully differentiated cells (Fig. 2D) . Likewise, we measured the levels of heme uptake and found that the levels of heme uptake were significantly increased in fully differentiated cells, but not partially differentiated cells (Fig. 2E) . The results suggest that highly induced levels of heme synthesis and uptake are necessary for fully differentiated but not for partially differentiated neuronal cells.
3.3. The production of heme transporters and heme chaperones, as well as hemoproteins, increased with neuronal differentiation Furthermore, we detected the levels of the cell membrane heme transporter HCP1 and a putative heme sensor and heme chaperone necessary for maintenance of cellular heme and hemoprotein levels, PGRMC1 (progesterone receptor membrane component 1) [43] . PGRMC1 binds to heme and interacts with heme-related proteins such as ferrochelatase and cytochromes P450 to promote their functions. Fig. 3A shows that HCP1 was localized to the cell membrane and that its levels were significantly increased in fully differentiated cells (Fig. 3A and B) . Likewise, Western blotting data show that HCP1 levels were significantly increased in fully differentiated SH-SY5Y cells (Fig. 3C ). As expected, PGRMC1 was localized to the endoplasmic reticulum (Fig. 3D ). Quantification of both confocal imaging data ( Fig. 3E) and Western blotting data (Fig. 3F) shows that PGRMC1 levels were strongly increased in both partially and fully differentiated cells.
Elevated heme synthesis, uptake, and transport should lead to increased availability of cellular heme for generating hemoproteins, most of which are involved in oxygen utilization and metabolism, including certain subunits of OXPHOS complexes [44] . We therefore examined the levels of certain representative hemoproteins in SH-SY5Y cells. Two representative hemoproteins in OXPHOS complexes are cytochrome c and COX4. The levels of cytochrome c ( Fig. 4A -C) and COX4 ( Fig. 4D-F ) were significantly and progressively increased in partially and fully differentiated SH-SY5Y cells, relative to undifferentiated cells. Clearly, our data show that as SH-SY5Y cells differentiate, they intensify the production of proteins and enzymes required for heme acquisition, enabling elevated production of hemoproteins, including those required for OXPHOS.
The levels of heme degradation enzymes, heme oxygenases, and rates of heme degradation increased with neuronal differentiation
Heme degradation is also an important factor in the maintenance of cellular homeostasis of heme. In mammals, there are two major isoforms of heme oxygenases, HO-1 and HO-2 [45] . Heme degradation generates potent antioxidants, biliverdin and bilirubin, neuronal modulator CO, and Fe 21 [46] . HO-2 is highly expressed in the brain. The developmental transcriptome data for human brains in Allen Brain Atlas show that HO-1 transcript levels are low in the brain (RPKM [Reads Per Kilobase Million] is about 2 in 4-to 12-month-old mice), whereas HO-2 transcript levels are high (RPKM is about 24 in 4-to 12-month-old mice) (see http://www.brainspan.org/rnaseq/search/index.html.)
Here, we examined the levels of heme oxygenases, HO-1 and HO-2, in SH-SY5Y cells as differentiation progresses. Data from confocal microscopy imaging ( Fig. 5A and B ) and Western blotting (Fig. 5C) show that HO-1 protein levels were significantly increased in fully differentiated SH-SY5Y cells. Likewise, HO-2 protein levels were significantly increased in fully differentiated SH-SY5Y cells (Fig. 5D-F) . Furthermore, measurements of heme degradation in SH-SY5Y cells show that the levels of heme degradation were strongly increased in fully differentiated cells (Fig. 5G ). Confocal microscopy imaging ( Fig. S3A and B) and Western blotting data (Fig. S3C) show that the next enzyme on the heme degradation pathway, biliverdin reductase BLVRA, was also increased in differentiated cells. The products of heme degradation, biliverdin and bilirubin, are potent antioxidants. These products are likely important for maintaining cellular reducing power as neuronal cells differentiate and become much more active in oxidative metabolism. Thus, we examined the levels of two widely expressed antioxidant enzymes, superoxidase dismutase (SOD1) and glutathione peroxidase (GPX1) [47] . The levels of these two enzymes were not increased but somewhat decreased in partially and fully differentiated SH-SY5Y cells (Fig. S3D and E) . Together, these results show that the levels of heme degradation and enzymes required for heme degradation are preferentially increased in fully differentiated SH-SY5Y cells, likely leading to elevated levels of potent antioxidants biliverdin and bilirubin.
Ab interferes with heme degradation in differentiated neuronal cells
Evidently, elevated heme synthesis and degradation are important for neuronal functions. Thus, it is plausible that Ab may interfere with neuronal functions by disturbing heme synthesis and/or degradation. Extracellular Ab is internalized in neuronal cells and distributed in mitochondrial, endoplasmic reticulum, and cytosol [48] . We therefore directly examined the effects of Ab on heme synthesis and degradation in fully differentiated SH-SY5Y cells. Western blotting data show that the levels of HO-2 (Fig. 6A ), but not ALAS1 (Fig. 6B) , were decreased by Ab. Consistent with this result, measurements of heme synthesis and degradation show that heme degradation (Fig. 6C ), but not heme synthesis (Fig. 6D) , was significantly decreased by Ab. These results show that HO activity and heme degradation are more sensitive to the interference of Ab than ALAS activity and heme synthesis.
Discussion
Ab has been a major focus of AD research because mutations in the APP or the presenilin-1 gene cause rare cases of inherited early-onset AD. However, several anti-Ab drug candidates failed in late-stage clinical trials [49, 50] . These failures do not necessarily suggest that the amyloid cascade hypothesis for Alzheimer's disease is incorrect, but they suggest that it is important to consider mechanisms of action of potential drug candidates and the timeline of neuropathological events induced by Ab [2, 6] . Ab causes many changes at the cellular and molecular levels, ranging from bioenergetic events and oxidative stress to Ca 21 homeostasis disruption and inflammation [7, 8, 51] . If a drug acts on late events induced by Ab, it may not be effective at alleviating neurological deficits associated with AD. Thus, it is crucial not only to characterize various potentially neurotoxic events induced by Ab but also to illuminate the hierarchical orders of these events.
Here, using a commonly used cell model for neuronal differentiation, we characterized the changes in the levels of heme synthesis, uptake, and degradation, as well as proteins/enzymes involved in heme acquisition and utilization, as cells undergo neuronal differentiation. We found that heme synthesis, uptake, and degradation, along with the related proteins and enzymes, are all intensified in fully differentiated neuronal cells, compared with undifferentiated and partially differentiated cells (Figs. 2-5 ). The intensification of heme acquisition is presumably a prerequisite for enhanced production of mitochondrial respiratory or OXPHOS complexes, which are required for neuronal cells to generate ATP via oxidative metabolism. Neuronal cells require high levels of OXPHOS to supply ATP necessary for neuronal activities. The brain uses 20% of all oxygen used by the human body although it has only 2% of the body's mass. Thus, elevated heme availability is necessary for brain functions.
Importantly, our studies also show that the levels of heme degradation, along with heme oxygenases HO-1 and HO-2, are highly elevated in fully differentiated cells ( Fig. 5 ). As neuronal cells must use a large amount of oxygen, the levels of side products of oxidative metabolism, ROS, should increase. Intriguingly, the levels of conventional antioxidant enzymes [47] , including SOD1 and GPX1, which play important roles in many cells, did not significantly increase in fully differentiated SH-SY5Y cells (Fig. S3) . Importantly, the products of heme degradation include two potent antioxidants, biliverdin and bilirubin [45, 46] . The elevated levels of heme degradation will lead to increased levels of biliverdin and bilirubin in fully differentiated neuronal cells, which likely provide antioxidants for neutralizing higher levels of ROS generated by elevated OXPHOS.
A plethora of previous studies have linked heme and altered heme synthesis and metabolism to AD pathogenesis [ [13] [14] [15] [16] . Here, taking advantage of two previously published large data sets for gene expression analysis of AD vs. normal brain tissues, we identified that ALAS1 and HMOX2 are two heme-related genes whose expression is significantly lowered in hippocampi of AD brains (Fig. 1A) . Furthermore, we show that the levels of these two enzymes are selectively lowered in hippocampi of APPPS1 mouse brains ( Fig. 1B-E ). Together, these results strongly suggest that lowered expression of ALAS1 and HMOX2 is an important feature of AD hippocampi.
The use of the SH-SY5Y cell model enabled us to identify potentially early events in AD pathogenesis. Interestingly, Ab causes a strong decrease in heme degradation, but not heme synthesis (Fig. 6 ). The lack of Ab effect on heme synthesis in differentiated SH-SY5Y cells may be attributable to the short-term nature of the treatment (3 days) or the absence of astrocytes and glial cells. Both heme oxygenase and Ab bind to heme readily. Thus, Ab may be in contact with HO-2 quickly via heme. Heme-Ab interaction will generate potent ROS, as previous studies showed [15, 16] , which would inactivate HO-2. Ab is imported and distributed in various cellular compartments, mitochondria, endoplasmic reticulum, and cytosol [48] . Thus, Ab can potentially interact with both HO-2 and ALAS1. However, there is not a direct way for ALAS1 to be in contact with Ab, as in the case of HO-2.
This may explain why HO-2 and heme degradation are more sensitive to Ab treatment than ALAS1 and heme synthesis. Lowered heme degradation should also lead to lowered levels of biliverdin and bilirubin in neuronal cells, which would likely lead to oxidative stress in early stages of AD pathogenesis. Our data suggest that one potentially effective way to prevent AD pathogenesis is to strengthen antioxidant or reducing power in brain cells.
Our results are consistent with previous studies indicating that oxidative stress is an early event in AD pathogenesis [52, 53] . Our data provide a molecular basis for this conclusion. Notably, Ab also binds to heme and sequesters heme [15, 16] . The Ab-heme complex acts as a peroxidase and generates ROS. Both lowered levels of HOs and heme can lead to reduced heme degradation and oxidative stress. Thus, even at the cellular level in early stages of exposure of neuronal cells to Ab, multiple mechanisms can reduce heme degradation and increase oxidative stress. The interaction of heme and Ab, lowered levels of HO and heme degradation, and the formation of ROS likely forms a vicious positive feedforward cycle [15] . Thus, stopping this feed-forward cycle would be crucial for designing therapeutic strategies to treat AD. Drugs that act on and dispose Ab beyond this initiation of this cycle may not work to alleviate the neurological deficits associated with AD. 
